Adenosine deaminases acting on RNA (ADARs) catalyze the editing of adenosine residues to inosine (A-to-I) within RNA sequences, mostly in the introns and UTRs (un-translated regions). The significance of editing within non-coding regions of RNA is poorly understood. Here, we demonstrate that association of ADAR2 with RNA stabilizes a subset of transcripts. ADAR2 interacts with and edits the 3 UTR of nuclearretained Cat2 transcribed nuclear RNA (Ctn RNA). 
INTRODUCTION
Post-transcriptional RNA processing is essential for regulation of cellular gene expression, and is mediated by a large class of RNA-binding proteins (RBPs). RNA editing is one such widespread, post-transcriptional process that introduces changes in the sequence of the RNA transcript. Adenosine deaminases acting on RNA (ADARs) are double-stranded RBPs that catalyze the hydrolytic deamination of adenosine residues to inosine, a process referred to as A-to-I editing (1, 2) . Adenosine base pairs with uridine; in contrast, inosine base pairs with cytidine. Thus, this substitution alters the RNA sequence. Three types of ADAR enzymes have been identified to-date, ADAR1, ADAR2, ADAR3, but only ADAR1 and ADAR2 exhibit recognizable editing activity (1) (2) (3) (4) . Both ADAR1 and ADAR2 are known to be essential in mammals (3) (4) (5) . While a few mechanistic details of ADAR function are known, more insights are required in order to understand the molecular basis of their physiological and pathological effects (6) (7) (8) .
Transcriptome-wide studies have demonstrated that majority of A-to-I editing events occur within Alu repetitive sequences of short interspersed element (SINE) origin, which are primarily located within introns or 3 UTRs (untranslated regions) of RNAs (9) (10) (11) (12) (13) . Alu elements form long intra-molecular RNA duplexes with closely lying inverted Alu repeat sequences (IRAlus), and are recognized by ADARs for A-to-I editing (2, 9, 14, 15) . While majority of editing occurs in the non-coding parts of the transcriptome, only a handful of studies have described the role of editing within non-coding regions (16) (17) (18) (19) . In general, the 3 UTRs of mRNAs regulate RNA localization, sta-bility and translation. Therefore, it is possible that A-to-I editing within the 3 UTRs of mRNAs could play a role in regulating these processes. A few studies utilizing reporter and endogenous mRNA have suggested that editing within the 3 UTR could influence gene expression, by restricting the nuclear export of hyper-edited RNA (16, 20, 21) . It has been suggested that the association of A-to-I hyperedited transcripts with p54nrb/NonO, a component of the paraspeckle, is responsible for the nuclear retention of edited transcripts (20, 22) . However, other studies have shown that mRNAs with hyper-edited 3 UTRs localize to the cytoplasm, indicating that editing alone is not enough to restrict the export of transcripts (23, 24) . Recent studies have shown that A-to-I editing of the 3 UTR could influence the binding of microRNAs (miRNAs) to transcripts (25) . Except for these limited examples, the precise functional significance of A-to-I editing within the 3 UTR is largely unknown, and demands further investigation. Furthermore, apart from editing-related functions of ADARs, a handful of recent studies have also demonstrated editingindependent roles of ADARs (8, (26) (27) (28) .
In the present study, we used nuclear-retained Ctn RNA as a model system to gain insights into the biological significance of ADAR associations within 3 UTRs of RNAs. We have previously demonstrated that Ctn RNA regulates the expression of its protein-coding partner, mCat2 (mouse cationic amino acid transporter 2) (21) . Both Ctn RNA and mCat2 mRNA are transcribed from the same gene, however, due to alternative poly(A) site selection, Ctn RNA has a longer 3 end (hereafter named '3 UTR', given its shared sequence with mCat2 mRNA). mCAT2 facilitates the cellular uptake of L-arginine, which is utilized as a substrate for the synthesis of nitric oxide in the cell. Ctn RNA is an abundant and very stable transcript, and is also induced as part of the antiviral response (21) . While SINE repeats within the 3 UTR of Ctn RNA are known to be A-to-I edited, how such editing affects the properties of Ctn RNA is not known. Our findings reveal that ADAR2 association with the 3 UTR promotes the stability of Ctn RNA by limiting its association with two RNA-destabilizing proteins, HuR and PARN [poly(A)-specific ribonuclease] deadenylase, capable of destabilizing Ctn RNA. Furthermore, transcriptomic analysis indicates that in addition to Ctn RNA, ADAR2 also stabilizes other classes of RNAs by limiting the binding of HuR and PARN. Our studies provide mechanistic insights into the role of ADAR2 in regulating the stability of RNA through its association with non-coding regions of transcripts.
MATERIALS AND METHODS

RNA editing
To measure A-to-I editing levels, FwR and IR2 repeat sequences were amplified using repeat-specific primers by RT-PCR and the products (of expected size) were sequenced. In the electropherograms, editing sites appeared as mixed A and G peaks. Editing levels were determined by measuring peak heights using Bioedit software and were calculated as a ratio of G-peak height to the A+G-peak height (G/G+A).
Ribonucleoprotein immunoprecipitation (RIP)
Ribonucleoprotein immunoprecipitation (RIP) was performed using an established protocol (29) . Wild-type (WT) and Adar2-KO cells (1 × 10 7 ) were used for RNA immunoprecipitation utilizing reversible chemical crosslinking of RNA-protein interactions by formaldehyde followed by immunoprecipitation using Anti-FLAG (F1804, Sigma, USA) or PARN antibody (sc-135242; Santa Cruz Biotechnology, USA), or anti-ADAR2 antibody (HPA018277, Sigma, USA). For ADAR2 RIP in mouse embryonic fibroblasts (MEFs), following reversible chemical crosslinking of RNA-protein interactions by formaldehyde, cells were lysed in 0.1% NP-40 and 1 mM ethylenediaminetetraacetic acid (EDTA). Immunoprecipitation was performed in buffer containing 0.05% NP-40 and 1 mM EDTA. Following IP, extracts were reverse cross-linked and total RNA was extracted using Trizol LS (Invitrogen, USA). Extracted RNA was treated with RNase-free DNase I (Sigma, USA), and RT was conducted using random-hexamer primers as per the manufacturer's instructions (Applied Biosystems, USA). qPCR analysis was performed using gene-specific primers.
For native RIP analysis of endogenous RNP complexes from whole-cell extracts, cells were lysed in 20 mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM MgCl 2 and 0.5% NP-40 for 10 min on ice and centrifuged at 10 000 × g for 15 min at 4
• C (30). The supernatants were incubated with protein A-Sepharose beads coated with antibodies that recognized HuR (sc-5261, Santa Cruz Biotechnology) or with control IgG for 1 h at 4
• C. After the beads were washed with NT2 buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM MgCl 2 and 0.05% NP-40), the complexes were incubated with 20 units of RNase-free DNase I (15 min at 37
• C) and further incubated with 0.1% sodium dodecyl sulphate/0.5 mg/ml Proteinase K (15 min at 55
• C) to remove DNA and proteins, respectively. Acidic phenol (Ambion) was used to extract RNA for RIP analysis. Reverse transcription (RT) was performed using random hexamers and reverse transcriptase (Maxima, Thermo Scientific) and RT-qPCR using gene-specific primers, and SYBR green master mix (Kapa Biosystems), using an Applied Biosystems 7300 instrument. Normalization of RIP results was carried out by quantifying in parallel the relative levels of Gapdh mRNA in each IP sample. These abundant RNAs are non-specific contaminants present in the IP components.
RNA stability assay
To measure RNA stability, 5 g/ml Actinomycin D (Sigmaaldrich, USA) or Flavopiridol (1 M) was added to cells and incubated for different time durations as indicated. At each time point, total RNA was harvested using Trizol and used for RT-qPCR analysis. RNA decay rate was quantified by fitting an exponential curve to the data points (y = a * e∧-bt), whereby y is the (relative) amount of RNA and t is time. The half-life was then calculated using: t(1/2) = ln2 / b (31). The half-life was calculated from each experiment and the average half-life along with standard deviations shown in the graph. Anti-HA (Covance, USA), Anti-FLAG (F1804, Sigma, USA), beta-Actin (ab6276, Abcam, USA) was used to measure protein levels in western blots.
Nucleic Acids Research, 2017, Vol. 45, No. 7 4191 Nuclear and cytoplasmic fractionation WT and Adar2-KO (1 × 10 6 ) cells were used for fractionation. Cells were washed with PBS and resuspended in RSB buffer (10 mM Tris-HCl pH7.4, 100 mM NaCl, 2.5 mM MgCl 2 , RNase Inhibitor) and lysed in RSB buffer containing Digitonin (8 g/ml) (D141-100MG, Sigma-Aldrich, USA) for 10 min on ice. Cells were centrifuged (2000 rpm, 4
• C, 10 min) and the supernatant (cytoplasmic fraction) collected. The pellet (nuclear fraction) was washed with RSB + digitonin by the procedure described above. Trizol LS (10296-028, Invitrogen, USA) was added to the cytoplasmic fraction while Trizol was added to the nuclear fraction. Neat1 and Actin were used to confirm the purity of the nuclear and cytoplasmic fractions, respectively. Ct values of nuclear or cytoplasmic fractions were normalized to total RNA.
RNA-FISH
To detect Ctn RNA, RNA-FISH analysis was performed as previously described (29) . Ctn RNA localization to paraspeckles was increased during transcriptional reactivation. Therefore, for Ctn RNA FISH, cells were treated with the transcriptional inhibitor DRB (5,6-Dichloro-1-beta-D-ribofuranosylbenzimidazole) followed by reactivation of transcription by removal of inhibitor with medium for 3 h. Immunofluorescence staining of HuR using HuR antibody (1:100 for 2 h at room temperature; sc-5261, Santa Cruz Biotechnology) in WT and Adar2-KO MEFs was performed as previously described (29) .
RESULTS
ADAR2 edits specific sites within the 3 UTR of Ctn RNA
The 3 UTR of Ctn RNA harbors three repeat elements (IR1, IR2 and IR3) of SINE origin that are inverted with respect to the forward repeat (FwR) ( Figure 1A) . In mouse tissues, several of the adenosines within the FwR and IR2 (inverted repeat 2) are A-to-I edited (21) . ADAR2 RIP from lysates prepared from mouse brain, followed by microarray analyses (Mouse Genome 430A 2.0 micro array), confirmed the interaction between ADAR2 and Ctn RNA (Supplementary Table S1 ) (32) . To determine if ADAR2 edits Ctn RNA, we analyzed the editing profile of endogenous Ctn RNA (in FwR and IR2) in Adar2-KO MEFs and compared it to that of WT MEFs ( Figure 1A , B, D and E; Supplementary Figure S1Aa and B) . In WT, the editing efficiency of several of the adenosines within the FwR and IR2 was found to be ∼20-30% (Figure 1B and E; Supplementary Figure S1B ). In contrast, we observed a significant reduction in Ctn RNA editing in Adar2-KO MEFs (Figure 1B and E; Supplementary Figure S1B ).
To provide further evidence of the involvement of ADAR2 in editing Ctn RNA, we transiently transfected Ctn RNA, alone or in combination with Flag-tagged Adar2, into HEK293 cells (Supplementary Figure S1C) . Despite the presence of normal background levels of ADARs, HEK293 cells display low intrinsic A-to-I editing activity and thus have been previously used as a system to study editing of substrates by exogenously expressed ADAR isoforms (Supplementary Figure S1Ab and D) (33) (34) (35) (36) . We observed that most of the adenosines within the repeats of Ctn RNA (except site 17 in FwR) that were A-to-I edited in WT-MEFs were also edited in Adar2 exogenously expressed HEK293 cells (Figure 1C and F; Supplementary Figure S1D ). Together, these results suggest that ADAR2 interacts with and edits adenosines within the 3 UTR of Ctn RNA.
ADAR2 promotes the stability of Ctn RNA
Next, we wanted to determine the functional significance of ADAR2 interaction with the 3 UTR of Ctn RNA. To this end, we determined if ADAR2 influences the cellular abundance of Ctn RNA. We measured the total levels of Ctn RNA in WT and Adar2-KO MEFs using a primer pair unique to the long 3 UTR of Ctn RNA ( Figure 2A and Supplementary Figure S2 ). RT-qPCR results revealed that Ctn RNA levels were significantly reduced in Adar2-KO MEFs than in WT ( Figure 2B ). However, the total levels of a large number of other transcripts, including Actin and Gapdh remained unchanged in Adar2-KO cells (Supplementary Table S4 ). Consistent with these observations, Ctn RNA levels were significantly lowered in ADAR2-depleted, transformed MEFs than in control siRNA-treated cells ( Figure 2C and D). We also measured mCat2 RNA levels in WT and Adar2-KO MEFs by qRT-PCR using a primer from the ORF (open reading frame) (Supplementary Figure S3A and B). We observed a mild reduction of mCat2 levels in Adar2-KO MEFs. However, please note, that the ORF primer is common to both Ctn RNA and mCat2 and the observed reduction may be due to lower levels of Ctn RNA levels and not mCat2 transcripts. RNA-FISH and nucleo-cytoplasmic fractionation analyses also demonstrated that majority of Ctn RNA in both WT and Adar2-KO MEFs retained in the nucleus (Supplementary Figure S3C and E). Therefore, we conclude that neither Ctn RNA localization nor mCat2 mRNA levels significantly change in Adar2-depleted cells. Our earlier studies have shown that mCat2 could also be transcribed from an alternative promoter (21) . It is possible that a significant fraction of mCat2 present in Adar2-KO cells could be transcribed from the alternate promoter.
We next determined the half-life (t 1/2 ) of Ctn RNA in WT and Adar2-KO MEFs by incubating cells with Actinomycin D to block transcription and then measuring the time required until Ctn RNA levels were reduced to 50% of the original abundance. The results showed that in Adar2-KO primary MEFs, Ctn RNA showed reduced stability (Figure 2E) . We also observed similar results upon treatment with another transcriptional inhibitor--flavopiridol (Supplementary Figure S4A ). Additionally, we measured the stability of EU (5-ethynyl uridine)-labelled nascent RNA and observed that nascent Ctn RNA exhibited lower stability in Adar2-KO MEFs (Supplementary Figure S4B and C). We also observed ∼2-fold reduction in the stability of Ctn RNA in ADAR2-depleted, transformed MEFs when compared to control siRNA-treated cells ( Figure 2F ). Altogether these results indicate that Adar2 influences the stability of Ctn RNA.
To further corroborate ADAR2-mediated stabilization of Ctn RNA, we determined the half-life of exogenously expressed Ctn RNA, alone or co-transfected with full length Adar2 in HEK293 cells. Consistent with the results obtained in MEFs, Ctn RNA showed higher stability in the presence of ADAR2 ( Figure 2G ). To determine whether ADAR2 regulates the stability of Ctn RNA via A-to-I editing, we examined the stability of Ctn RNA reporter in HEK293 cells that were co-transfected with an inactive deaminasedomain containing mutant of ADAR2 (E396A) Supplementary Figure S5A and B). (37, 38) . Our results showed that even the deaminase-dead mutant of ADAR2 could enhance the stability of Ctn RNA ( Figure 2G ; Supplementary Figure S5A and B). Cells co-expressed with Ctn RNA and an Adar2 RNA-binding dead mutant (ADAR2-EAA, where both dsRBD1 and dsRBD2 have been mutated) (39) showed only a mild increase in Ctn RNA stability (Figure 2G and Supplementary Figure S5C) . However, the rescue did not occur to the same extent as observed in case of ADAR2-WT and ADAR2-E396. Similarly, HEK293 cells overexpressing Staufen1, another ADAR2-unrelated double-stranded RNA binding protein, did not rescue the stability of Ctn RNA reporter RNA (40) ( Figure 2G and Supplementary Figure S5D) . Collectively, these results demonstrate that the association of ADAR2 with Ctn RNA, and not necessarily its editing activity that contributes to Ctn RNA stability. Ctn RNA is a nuclear RNA that is mobilized/cleaved at the 3 UTR during cellular stress to rapidly generate mCat2-like mRNA. Our present results suggest a potential mechanism through which Ctn RNA maintains a stable nuclear reserve.
ADAR2 negatively regulates the association of HuR to Ctn RNA
Next, we investigated the mechanism of ADAR2-dependent regulation of Ctn RNA stability. Previous studies have suggested that ADAR1 enhances the stability of mRNAs by facilitating the recruitment of HuR/ELAVL1 to these mRNAs (8, 41) . HuR/ELAVL1 is a U-/AU-rich element binding protein, is an established regulator of mRNA stability and potentially binds to ∼26 000 sites across the transcriptome (42) (43) (44) . We identified potential binding sites of HuR using the HuR binding motif in the 3 UTR of Ctn RNA (RBPmap--http://rbpmap.technion.ac.il/ and Supplementary Table S2A ) (45) . In addition, a published CLIP study also reported HuR binding sites in the 3 UTR of human SLC7A2 (Supplementary Table S2B ) (44) . Since HuR is an established regulator of RNA stability, we investigated if HuR is involved in mediating ADAR2-dependent changes in Ctn RNA stability. To this end, we examined the status of HuR interaction with Ctn RNA in the presence or absence of ADAR2. RIP studies using an anti-HuR antibody (38) or RNA binding dead mutant of ADAR2-EAA or Staufen1 and (Gb) Actin mRNA was determined by Actinomycin D chase (after 48 h of transfection) followed by RT-qPCR. To normalize for transfection efficiency, Ctn RNA levels were normalized to GFP mRNA from GFP plasmid, which is co-transfected along with Ctn RNA in all of the experiments. In all RT-qPCR experiments Gapdh mRNA (GAPDH mRNA in HEK293 cells) was used as a normalization control as it did not show gene expression changes with any treatment. Error bars in (B, C, E, F and G) represent mean ± SD of three independent experiments (biological replicates). *P < 0.05, ****P < 0.0001, using Student's t-test.
indicated that HuR did not interact with Ctn RNA in WT MEF cell extracts ( Figure 3A) . Surprisingly, however, HuR displayed robust interaction with Ctn RNA in Adar2-KO MEFs ( Figure 3A ). This dramatic difference in the association of HuR with Ctn RNA was not due to differences in the total levels or localization of HuR between WT and Adar2-KO cells (Supplementary Figure S6A and B) . Instead, the data suggest that ADAR2 negatively regulates HuR interaction with Ctn RNA.
Even though HuR is known to increase the stability of mRNAs, several recent studies have described the role of HuR in destabilizing specific set of RNAs (30, 46) . Thus, we examined whether HuR is involved in destabilizing Ctn RNA. To test this possibility, we depleted HuR in Adar2-KO primary MEFs and determined the stability of Ctn RNA in these cells. In comparison to control cells, HuRdepleted Adar2-KO MEFs showed increased stability of Ctn RNA ( Figure 3B and Supplementary Figure S6C) . However, HuR depletion in WT MEFs did not alter Ctn RNA stability ( Figure 3C ). These results suggest that in the absence of ADAR2, the increased interaction of HuR with Ctn RNA reduces its stability.
HuR destabilizes
Ctn RNA by facilitating the interaction between Ctn RNA and PARN deadenylase Next, we investigated the mechanism of HuR-mediated destabilization of Ctn RNA in the absence of ADAR2. Previous studies have shown that AU-binding proteins including HuR destabilize specific mRNAs by facilitating the recruitment of PARN (an exoribonuclease that shortens the poly(A) tail and thus, destabilizes RNA) and exosome components to mRNAs (44, 46, 47) . Thus, we wondered if HuR plays a similar role in destabilizing Ctn RNA, by facilitating the recruitment of PARN. To test this possibility, we determined the interaction of Ctn RNA with PARN deadenylase in Adar2-KO MEFs by RIP analysis. The results indicate that like HuR, PARN also showed increased association with Ctn RNA, specifically in Adar2-KO extracts ( Figure  4A ; Supplementary Figure S7A Figure 4C ). This result indicates that in Adar2-KO cells, the increased interaction between PARN and Ctn RNA resulted in the PARN-mediated degradation of Ctn RNA.
In our study, we observed that when compared to uninfected cells (Figure 2E ), cells that are infected with a control shRNA lentivirus ( Figure 3B ) or treated with control siRNAs (Figure 4B ), displayed an increase in the stability of Ctn RNA (Supplementary Figure S8) . Ctn RNA levels are elevated as part of the antiviral response, including response to treatment of cells with IFN␥ (interferon-␥ ) (21) . We believe that the above-mentioned treatments could also lead to similar cellular responses, resulting in the enhanced stability of Ctn RNA. In any case, however, HuR-or PARN-depleted cells displayed enhanced stability for Ctn RNA when compared to control vector-infected or scrambled-siRNA-transfected cells, implying that these proteins indeed destabilize Ctn RNA.
To test the potential involvement of HuR in regulating the association of PARN with Ctn RNA, we measured the interaction between PARN and Ctn RNA in control versus HuR-depleted Adar2-KO cells, by PARN RIP followed by RT-qPCR analysis ( Figure 4D and Supplementary Figure  S7E) . The interaction of PARN with Ctn RNA in Adar2-KO cells was significantly reduced in the absence of HuR (Figure 4D) . These results support the model that HuR facilitates the interaction between PARN and Ctn RNA in the absence of ADAR2. Co-immunoprecipitation of FLAG-HuR with PARN in HEK293 cells showed that a small but significant fraction of PARN interacted with HuR in an RNAdependent manner ( Figure 4E ). HuR has been previously shown to alter local mRNA secondary structure to facilitate binding of the miRISC complex to mRNA (48) . By interacting with Ctn RNA, HuR could alter the local RNA secondary structure, which could facilitate PARN binding to Ctn RNA. Thus, our studies indicate that HuR serves as a co-factor that is required for the association of PARNcontaining complex to RNA, in order to negatively regulate RNA stability.
Since the shortening of the poly(A) tail is a vital step for PARN-mediated mRNA decay, we asked if the decreased stability of Ctn RNA upon ADAR-depletion is associated with shortening of its poly(A) tail. To determine any change in the polyadenylation status of Ctn RNA, we measured the total levels of polyadenylated Ctn RNA in WT and Adar2-KO MEFs. We observed that levels of polyadenylated Ctn RNA were significantly reduced in Adar2-KO MEFs than in WT MEFs ( Figure 4F ).
ADAR2 influences the expression/stability of a large number of RNAs, including nuclear lncRNA Hottip
To determine if ADAR2 regulates the expression and/or stability of transcripts other than Ctn RNA, we performed polyA+ RNA sequencing of WT and Adar2-KO MEFs. As observed for Ctn RNA, several RNAs show reduced editing in Adar2-KO than in WT MEFs (Supplementary Table S3 ). In addition, we observed that ∼1300 genes were differentially expressed (>2-fold difference) between WT and Adar2-KO MEFs ( Figure 5A and Supplementary Table  S4 ). Of these, ∼800 genes were downregulated and another ∼500 genes were upregulated in Adar2-KO MEFs (Supplementary Tables S5 and S6) . A large number of genes did not show significant change in their expression in WT and Adar2-KO cells (Supplementary Table S4 ). These data suggest that ADAR2 influences the cellular levels of a significant fraction of polyadenylated mRNA, including several of the known A-to-I-edited transcripts like Agl and Car5b mRNAs. We validated the RNA-seq results by RT-qPCR analysis for some of the downregulated genes ( Figure 5B ). Our results revealed that the expression and/or stability of several classes of RNA (long non-coding and protein-coding RNA) were reduced in Adar2-KO cells ( Figure 5B ). As seen in case of Ctn RNA, the ADAR2-mediated effects on RNA abundance were predominantly A-to-I editing-independent ( Figure 5C ). In all RT-qPCR experiments Gapdh mRNA was used as a normalization control as it did not show changes in its levels with any treatment. Error bars represent mean ± SD of six (A) and three (B and C) independent experiments (biological replicates). Student's t-test was performed for determining statistical significance.
Next, we determined if the stability of some of the downregulated transcripts was compromised in Adar2-KO cells. We observed that the gene expression of Hottip, a nuclear long non-coding RNA was reduced in Adar2-KO MEFs (Figure 5B and D) . Furthermore, like Ctn RNA, Hottip RNA too exhibited a shorter half-life in Adar2-KO MEFs (2.1 h) in comparison to WT MEFs (5.3 h) ( Figure 5E ). RIP analysis in WT MEFs showed that ADAR2 interacted with Hottip RNA (Figure 5F ). Since Hottip has been shown to activate the transcription of genes in the HoxA cluster, we measured the gene expression of HoxA13, which lies most proximal to Hottip (49) , in WT and Adar2-KO cells. RNAseq and RT-qPCR results showed that HoxA13 showed significant downregulation in Adar2-KO MEFs ( Figure 5G) . Together, these results show that like Ctn RNA, Hottip RNA is also stabilized by ADAR2. Apart from Ctn RNA and Hottip, we observed that among the validated genes, the stability of Agl and Car5b mRNAs was also reduced in Adar2-KO MEFs (Supplementary Figure S9A and B) . Both Agl and Car5b mRNAs are edited transcripts that have structured 3 UTRs, and harbor inverted SINE elements in their 3 UTRs (Supplementary Table S3 , Supplementary Figure  S9C and F). It is possible that several of the other downregulated transcripts in Adar2-KO cells are regulated at the level of transcription, and further studies are needed to determine the potential mechanism(s) by which ADAR2 regulates the expression of these genes.
To determine the significance of ADAR2-mediated downregulation of gene expression, we performed gene ontology (GO) analysis of the genes that are downregulated in Adar2-KO MEFs (Supplementary Figure S10A) . GO analysis indicated that ADAR2 influences the expression of genes involved in several vital cellular processes. For example, ADAR2-depleted cells showed downregulation of sev- eral immune response genes, including various chemokines and Toll-like receptors (TLRs). We validated the expression of several of these genes by RT-qPCR analysis (Supplementary Figure S10B ). Recent studies have shown that the levels of several of the immune response gene mRNAs are found to be elevated in Adar1-KO mouse embryos, indicating that ADAR1 could negatively regulate the expression of immune response genes (6, 50) . However, our study revealed that unlike ADAR1, ADAR2 positively regulates the expression of a subset of immune-response genes (such as chemokines and TLRs), as Adar2-KO MEFs showed lower expression of these genes. Such effects could possibly be due to increased interaction of ADAR1 with some of these transcripts in the absence of ADAR2. On the other hand, both ADAR1 and ADAR2 could be regulating opposite functions under physiological or pathological conditions, as observed in the case of certain cancers (51) . In the present scenario, while ADAR1 is required to suppress aberrant immune responses, ADAR2 could be required to ensure proper expression of immune response genes.
Next, we investigated if ADAR2 could interact with many of the downregulated transcripts. To identify ADAR2-interacting transcripts, we compared the list of genes that showed downregulation in Adar2-KO MEFs in the RNA-seq (in the present study) with the previously published ADAR2 RIP-microarray dataset in mouse brain (32) (Supplementary Table S7 and S8). Among the ∼400 mRNAs showing significant levels of expression in the brain, ADAR2 RIP microarray data showed that ∼60% (∼240) of them interacted with ADAR2 ( Figure 5H Figure S12) . In the case of Hottip, we further investigated the involvement of ADAR2 in the association of PARN with RNA. We observed increased association of PARN with Hottip in the Adar2-KO MEFs ( Figure 6D ). Finally, like Ctn RNA, Hot- In all RT-qPCR experiments Gapdh was used as a normalization control as it did not show gene expression changes with any treatment. Error bars represent mean ± SD of three independent experiments (biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant using Student's t-test.
tip RNA also showed increased cellular levels and stability upon depletion of PARN and HuR in Adar2-KO MEFs ( Figure 6E and F) . Based on all these results, we conclude that ADAR2 antagonizes the binding of HuR and PARN to its cognate RNA substrates, such as Ctn RNA and Hottip RNA, in order to stabilize them ( Figure 6G ).
DISCUSSION
Only a limited number of studies have provided insights into the function of ADAR association with non-coding parts of the transcriptome, such as the 3 UTR (16, 17) . In the present study, we focused on A-to-I-edited Ctn RNA to investigate the functional significance of ADAR interaction with its 3 UTR. Our findings reveal that ADAR2 promotes the stability of Ctn RNA. RNA-seq analysis in Adar2-KO cells indicated potential involvement of ADAR2 in regulating the expression and/or stability of a large number of cellular transcripts. In addition, we have provided evidence for editing independent role of ADAR2 in regulating the expression and/or stability of transcripts. Several recent studies suggested editing-independent roles of ADARs (8, (26) (27) (28) 52) . For example, ADARs are known to influence cellular abundance of miRNAs, potentially through editing-independent activities (27, 28) . An earlier study reported that ADAR1 by interacting with NF90 (nuclear factor 90) family of proteins influences NF90-mediated gene expression, in an editingindependent manner (26). Besides the present study, a few other studies have attempted genome-wide transcriptome analyses in WT and Adar-KO or knockdown (KD) cells to determine the role of ADARs in gene expression (5, 8) . In one of the studies, by performing microarray analysis in WT and Adar2-KO brain cells, authors identified ∼80 transcripts that were upregulated upon Adar2 deletion. We believe that with the enhanced depth and coverage of RNA sequencing technology, our study provides a more comprehensive analysis of gene expression changes in WT and Adar2-KO MEFs (5). More recently, Wang et al. (8) , have performed RNA-seq analysis of ADAR1 and ADAR2 KD B-cells (8) . Their study indicated that ADAR1 or ADAR2 control the expression of a large number of genes. For example, ADAR1-depelted Bcells showed significant changes in the expression of ∼1238 genes. Similarly, ∼5000 genes showed altered expression in ADAR2-depleted B-cells (including 4154 transcripts increased by 2-fold, and those of 872 transcripts decreased by 2-fold). Thus, ADAR2 displays broader effect on gene expression compared to ADAR1. Furthermore, in the case of ADAR1, authors reported that the changes in gene expression observed in ADAR1-depleted cells did not correlate with the deamination activity of ADAR1 (8) . Interestingly, in B-cells ADAR1 is shown to increase the stability of a subset of transcripts by facilitating the association of HuR to these mRNAs. However, in the present study we found that in MEFs, ADAR2 stabilizes several RNAs by preventing the association of HuR with mRNA. Thus, ADARs impact both the RNA stabilizing and destabilizing functions of HuR. The differences observed in these two studies could be attributed to cell type-specific differences in ADAR function. Alternatively, both ADAR1 and ADAR2 could perform opposite functions by differentially regulating the activities of RBPs such as HuR. ADAR1 and ADAR2 have been shown to have opposing functions in cancer, possibly by partnering with different proteins or differentially regulating the activities the same RBP (51). In the case of Ctn RNA, ADAR2 could recruit another yet unknown RBP to Ctn RNA, which then prevents the interaction of HuR with Ctn RNA. Future studies will be focused on identifying the mechanism by which ADAR2 prevents the interaction of HuR with Ctn RNA.
RBPs modulate the stability of RNAs by regulating the accessibility of RNAs to various stabilizing or destabilizing factors. ADAR2 regulates the stability of Ctn RNA and Hottip by preventing the association of HuR and PARN deadenylase to these RNAs. While HuR predominantly stabilizes RNA, other reports have described an RNA-destabilizing activity for HuR. For example, HuR uses AUF1 and Ago2 as co-factors in promoting the decay of p16(INK4) mRNA (53) . HuR represses MYC mRNA levels in a let-7-dependent manner (42) . HuR promotes the early steps of myogenesis by destabilizing nucleophosmin/NPM mRNA (46) . HuR also promotes the decay of HOTAIR and linc-p21 lncRNAs by recruiting the Ago2/let7 complex (30, 54) . While neuronal ELAVL (which belongs to the same family of proteins as HuR/ELAVL1) stabilized ∼68% of its interacting target mRNAs, it also destabilized ∼7% of its interacting mRNAs (55) . Collectively, these studies indicate proteins like HuR/ELAV though mostly involved in stabilizing RNAs, could also destabilize RNAs in a context-dependent manner. Both ADAR2 and HuR are known to interact with the 3 UTR of several RNAs. A previous study showed the enrichment of HuR binding motifs near A-to-I edited regions (8) . HuR consensus binding sites are found to be enriched ∼100 nt upstream and downstream of A-to-I edited sites. In the case of Ctn RNA too, we observed potential HuR binding sites near the repeat sequences (or the edited regions). Instead of direct competition, it is possible that in presence of ADAR2, HuR is unable to access its interaction sites in the 3 UTR of Ctn RNA or other tested RNAs. Previous studies have suggested that ADARs could influence the binding of other RNA binding proteins to mRNA sequences that are located in close proximity. A recent ADAR1-CLIPseq study has shown that ADAR1 precludes the binding of other 3 UTR interacting RNA binding proteins such as CFIm68 and CstF64 even though they are not competing for the same binding sites (56) . In this study, authors showed that CFIm68 or CstF64 binding motifs do not overlap with ADAR1 interacting sequences within the 3 UTRs. Another study has shown that ADAR1 competes with Staufen-1 for binding to double-stranded regions in the 3 UTR and that in turn affects the nuclear retention of transcripts (40) .
Deadenylases such as PARN modulate the poly(A) tail length and thus, are important regulators of RNA stability (57) . Deadenylation is a highly regulated process and the recruitment of deadenylase complexes to mRNA is regulated by several RBPs such as KSRP, CUG-BP and AU-rich element (ARE)-binding proteins such as HuR (46, 58) . Our results strongly support a role for HuR as a co-factor that is required for the association of PARN-containing complex to Ctn RNA, in order to negatively regulate RNA stability. Even though most of HuR is localized in the nucleus, most of the HuR-related functions have been attributed to the small cytoplasmic pool of HuR (59, 60) . Since HuR, PARN and ADAR2 localize in the nucleus, it is possible that they could compete or cooperate with each other in order to influence the stability of nuclear pool of RNAs (61, 62) .
Our studies highlight a novel mechanism whereby ADAR2 regulates RNA stability by limiting the interaction of RNAs with the decay-promoting proteins HuR and PARN deadenylase. Collectively, these studies imply that ADARs perform editing-dependent and -independent roles, and also influence the interaction of other RBPs to RNA, thereby controlling vital processes such as RNA stability. In addition, our study underscores the importance of the interaction of ADARs and/or editing within the non-coding regions of hundreds of RNAs in the mammalian transcriptome.
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